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(54) Diffractive optical element and optical system having the same 

(57) A diffractive optical element includes a plurality 

of laminated diffraction grating surfaces. Each of the dif- F I G. 2 

fraction grating surfaces is formed to have a sufficiently 
small grating thickness as compared with a grating pitch 
thereof. 
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Description 

BACKGROUND OF THE INVENTION 

Fjeld_pf_ttieJnverrtion 5 

[0001 J The present invention relates to diffractive opti- 
cal elements, and more particularly to a diffractive opti- 
cal element having such a grating structure that rays of 
light of a plurality of wavelengths or a specific wave- 
length concentrate onto diffraction light of a specific 
order (design order 1 ) of diffraction, and to an optical sys- 
tem having the diffractive optical element. 

Description of Related Art 

[0002] Heretofore, there have been known various 
methods of correcting chromatic aberration in an optical 
system. According to one of the known methods, two 
glass (tens) materials which differ in dispersion are 
Combined with each other to be used for-abating chro- 
matic aberration. 

[0003] According to another known method, chromatic 
aberration is abated by using a diffractive optical ele- 
ment having a diffracting function for an optical system 
which includes a refracting lens, as disclosed, for exam- 
ple, in the optical literature such as SPIE Vol. 1354 
"International Lens Design Conference (1990)'* and also 
in the specifications of Japanese Laid -Open Patent 
Applications No. HEI 4-213421 and No. HEI 6-324262 
and U.S. Patent No. 5.044.706. 

[0004] This method has been developed by utilizing a 
physical phenomenon that the direction in which chro- 
matic aberration arises in a ray of light of a certain wave- 
length with respect to a ray of light of a reference 
wavelength on a refractive surface becomes reverse to 
that on a diffractive surface. 

[0005] Further, such a diffractive optical element can 
be provided with an effect of serving as an aspheric lens 
by varying the period of a periodic structure of its diffrac- 
tion grating, so that aberrations can be abated advanta- 
geously. 

[0006] Comparing refractive and diffractive surfaces in 
respect of a refracting action of rays of light, one ray of 
light remains one after refraction on a lens surface, 
whereas one ray of light is split into rays of different 
orders when it is diffracted by a diffraction grating. 
[0007] Therefore, in using a diffractive optical element 
for a lens system, it is necessary to decide the grating 
structure in such a manner that light fluxes of a useful 
wavelength region concentrate onto diffraction light of a 
specific order (design order) of diffraction. With light 
fluxes concentrating onto diffraction light of the design 
order, in order to lower the luminous intensity of diffrac- 
tion light of orders other than the design order, it 
becomes necessary that the diffraction efficiency of dif- 
fraction light of the design order is sufficiently high. Fur- 
ther, if there are some rays of light of diffraction orders 



other than the design order, these rays become flare 
light, because they are imaged in a place different from 
the imaging place of the rays of the design order. 
[0008] For an optical system having a diffractive opti- 
cal element, therefore, it is important to pay sufficient 
heed to the spectral distribution of the diffraction effi- 
ciency of diffraction light of the design order and also to 
the behavior of diffraction light of orders other than the 
design order. 

[0009] Fig. 1 1 shows a case where a diffractive optical 
element 1 having one diffraction grating 4 formed on a 
base plate 2 is formed on a certain surface in an optical 
system. In this case, the diffraction efficiency for diffrac- 
tion light of a specific order of diffraction is obtained as 
shown in Fig. 12, which shows in a graph the character- 
istic of the diffraction efficiency. In Fig. 12, the abscissa 
axis of the graph indicates wavelength and the ordinate 
axis indicates diffraction efficiency. The diffractive opti- 
cal element 1 is designed to have the highest diffraction 
efficiency at the first order of diffraction (shown in a full 
line curve in Fig.-12)^in-the-UsefuLwavelength reg ion. 
[0010] In other words, the design diffraction order of 
this diffractive optical element is the first order. The 
graph of Fig. 12 also shows the diffraction efficiency of 
diffraction light obtained at diffraction orders near the 
design order, i.e., a zero order and a second order (1 ± 
D 

[001 1 ] As shown in Fig. 1 2, the diffraction efficiency at 
the design order becomes highest at a certain wave- 
length (540 nm) (hereinafter referred to as the design 
wavelength) and gradually lowers at other wavelengths. 
Such a lowering portion of the diffraction efficiency 
obtained at the design order becomes diffraction light of 
other orders, thereby appearing as flare light. Further, in 
a case where a plurality of diffractive optical elements 
are used, a drop in diffraction efficiency at wavelengths 
other than the design wavelength eventually causes a 
decrease in transmission factor. 
[0012] The arrangement of lessening such a drop in 
diffraction efficiency is disclosed in Japanese Laid- 
Open Patent Applications No. HEI 9-127321, No HEI 9- 
127322, etc. The diffractive optical element disclosed in 
Japanese Laid-Open Patent Application No. HEI 9- 
127321 is in a sectional shape formed by laminating two 
layers 4 and 5, as shown in Fig. 13. 
[001 3] The diffractive optical element disclosed in Jap- 
anese Laid-Open Patent Application No. HEI 9-127322 
is of such a grating structure that three layers 4, 5 and 6 
are laminated as shown in Fig. 14. As shown in Fig. 14, 
the layer 5, which is sandwiched between two diffraction 
grating surfaces 8 and 9 provided at the boundaries of 
the layers 4, 5 and 6, has a thickness which varies with 
portions thereof. In this diffractive optical element, each 
of the diffraction grating surfaces 8 and 9 is formed 
between two different materials. A high diffraction effi- 
ciency is attained by optimizing a difference in refractive 
power between the layer materials located in front and 
in rear of the boundary and the depth of the grating 
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grooves. 

[0014] Since the arrangements of the above-men- 
tioned diffractive optical elements necessitate a wave- 
length characteristic of the difference in refractive power 
between the materials in front and in rear of each of 5 
grating areas to have desired values, it is impossible to 
have a larger difference in refractive power than in a 
case where a grating area has air on one side thereof 
instead of a layer material. As a result, their gratings 
must be arranged to have a relatively large grating thick- 10 
ness. In the case of the diffractive optical element dis- 
closed in Japanese Laid-Open Patent Application No. 
HEI 9-127321, for example, the grating thickness is 10 
pm or thereabout. 

[001 5] In the case of the diffractive optical element is 
disclosed in Japanese Laid-Open Patent Application 
No. HEI 9-127322, the number of layers of three differ- 
ent materials is increased to three and the number of 
gratings is increased to two. One of the two gratings 
measures at least 7 in thickness, so that a consider- 20 
ably deep grating shape would be recognized. 
[0016] In manufacturing diffractive optical elements, 
the above-stated grating shapes can be formed by cut- 
ting. A product thus obtained by cutting either may be 
used directly as a diffractive optical element or may be 25 
used as a mold for duplicating diffractive optical ele- 
ments. 

[001 7] It is conceivable as a simplified manufacturing 
method to form an arcuate diffraction grating surface 
with a cutting tool edge 1 7 by rotating a base plate 2 as 30 
shown in Fig. 15. In this method, while the cutting tool 
edge 1 7 is moved in the direction of a grating pitch, the 
cutting process is carried out by varying a distance 
between the base plate 2 and the cutting tool edge 1 7 to 
obtain a desired shape of grating. 35 
[0018] According to this manufacturing method, if the 
grating thickness is large as mentioned above, the 
amount of cutting by the cutting process increases to 
cause the cutting tool edge to be greatly abraded. As a 
result, the shape of the tool edge obtained at the com- 40 
mencement of cutting differs from its shape obtained at 
the end of cutting. Such abrasion causes the grating 
thickness at its point where the cutting comes to an end 
to become thinner than a desired value. In addition to 
this problem, since the cutting tool edge is rounded by 45 
the abrasion, the grating shape comes to deviate from a 
desired saw-tooth like shape. 

[0019] Besides, since the grating thickness is thick 
with respect to the grating pitch, the slanting plane of 
grating slants steeper than the one-layer type conven- so 
tional diffractive optical element. Therefore, the fore end 
of the cutting tool edge must be formed at a sharper 
angle than the slanting plane of grating. This necessi- 
tates use of a cutting tool edge at a sharper angle than 
a cutting tool edge for the one-layer type conventional ss 
diffractive optical element. The sharper angle of the cut- 
ting tool edge then causes the cutting tool edge to be 
more readily abraded. 



[0020] The abrasion of the cutting tool edge may be 
abated by arranging its fore end part to have a duller 
angle. However, the duller tool edge angle necessitates 
the slanting plane of the saw-tooth-shaped (or serrated) 
grating to have a duller angle for preventing it from inter- 
fering with the cutting tool edge. The adoption of the 
laminated structure causes the grating thickness to be 
thicker and to have steeper slanting plane than the grat- 
ing of an ordinary one- layer type diffractive optical ele- 
ment. However, an attempt to moderate the angle of the 
slanting plane of the laminated structure causes a great 
increase in grating pitch. The usable range of such a dif- 
fractive optical element, therefore, would be limited by 
the increase in grating pitch. 

BRIEF SUMMARY OF THE INVENTION 

[0021 ] It is an object of the invention to provide a dif- 
fractive optical element, or an optical system having the 
diffractive optical element, which is arranged to excel in 
workability of the diffractive optical element or in worka- 
bility of a mold to be used for mass production of the dif- 
fractive optical element. 

[0022] To attain the above object in accordance with 
a mode of the invention, there is provided a diffractive 
optical element, which comprises a plurality of lami- 
nated diffraction grating surfaces, wherein each of the 
diffraction grating surfaces is formed to have a suffi- 
ciently small grating thickness as compared with a grat- 
ing pitch thereof. 

[0023] In accordance with another mode of the inven- 
tion, there is provided a diffractive optical element, 
which comprises a plurality of laminated diffraction grat- 
ing surfaces, wherein letting a grating pitch and a grat- 
ing thickness of each of the diffraction grating surfaces 
be denoted by P and d, respectively, the following con- 
dition is satisfied: 

d/P < 1/6 . 

[0024] In accordance with a further mode of the inven- 
tion, there is provided a diffractive optical element, 
which comprises a plurality of laminated diffraction grat- 
ing surfaces, wherein letting a grating thickness of each 
of the diffraction grating surfaces be denoted by d (nm), 
the following condition is satisfied: 

1 <d<6. 

[0025] In accordance with a still further mode of the 
invention, there is provided a diffractive optical element, 
which comprises a plurality of laminated diffraction grat- 
ing surfaces, wherein letting a grating pitch and a grat- 
ing thickness of each of the diffraction grating surfaces 
be denoted by P (urn) and d (urn), respectively, the fol- 
lowing conditions are satisfied: 

d/P < 1/6 
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[0026] In accordance with the best mode of the inven- 
tion, the diffraction grating surfaces are formed respec- 
tively with materials which differ from each other in 
dispersion, each of the diffraction grating surfaces is in 
a blazed shape with respect to a section of the grating 
pitch thereof, a useful wavelength region is an entire vis- 
ible spectrum, and a diffraction efficiency of diffraction 
light of a specific order other than a zero order is high 
over the entire visible spectrum, including nearly 100%. 
[0027] In accordance with a further mode of the inven- 
tion, slant directions of gratings of the plurality of diffrac- 
tion grating surfaces of the blazed shape are identical, 
and in accordance with a still further mode of the inven- 
tion, a slant direction of a grating of at least one of the 
diffraction grating surfaces is opposite to that of the 
other diffraction grating surfaces. 
[0028] In accordance with a further mode of the inven- 
tion, the diffractive optical element functions as a lens. 
[0029] According to the inventionropttcal systems of- 
varied kinds, such as a photo-taking optical system and 
^> an observation optical system, can be arranged to 
include the above-stated diffractive optical elements 
which can be manufactured without difficulty. 
[0030] The above and other objects and features of 
the invention will become apparent from the following 
detailed description of preferred embodiments thereof 
taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
THE DRAWING 

[0031] 

Fig. 1 is a front view showing essential parts of a 
diffractive optical element according to a first 
embodiment of the invention. 
Fig. 2 is a sectional view showing essential parts of 
the diffractive optical element according to the first 
embodiment of the invention. 
Fig. 3 is a graph showing the diffraction efficiency of 
the diffractive optical element according to the first 
embodiment of the invention. 
Fig. 4 shows a diffractive lens related to the inven- 
tion. 

Fig. 5 is a sectional view showing essential parts of 
a diffractive optical element according to a second 
embodiment of the invention. 
Figs. 6A to 6D are sectional views showing the 
method of manufacturing the diffractive optical ele- 
ment according to the second embodiment of the 
invention. 

Figs. 7A to 7C are graphs showing the incidentan- 
gle characteristic of the diffractive optical element 
according to the first embodiment of the invention. 
Figs. 8A to 8C are graphs showing the incidentan- 
gle characteristic of the diffractive optical element 



According to the second embodiment of the inven- 
tion. 

Fig. 9 is a schematic illustration showing an optical 
system having a diffractive optical element accord- 

5 ing to a third embodiment of the invention. 

Fig. 10 is a schematic illustration showing an optical 
system having a diffractive optical element accord- 
ing to a fourth embodiment of the invention. 
Fig. 1 1 is a sectional view showing essential parts 

10 of a conventional diffractive optical element. 

Fig. 12 shows the diffraction efficiency of the con- 
ventional diffractive optical element. 
Fig. 1 3 shows the grating shape of the conventional 
diffractive optical element. 

15 Fig. 14 shows the grating shape of another conven- 
tional diffractive optical element. 
Fig. 15 shows the method of manufacturing the 
conventional diffractive optical element. 
Figs. 16A to 16C show the diffraction efficiency of 

20 the diffractive optical element according to the first 
-embodiment of the invention.- 
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Figs. 17A to 17C show the diffraction efficiency of 
the diffractive optical element according to the first 
embodiment of the invention. 
Figs. 18A to 18C show the diffraction efficiency of 
the diffractive optical element according to the first 
embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 



[0032] Hereinafter, preferred embodiments of the 
invention will be described in detail with reference to the 
drawings. 

[0033] Fig. 1 is a front view of a diffractive optical ele- 

35 ment according to a first embodiment of the invention. 
The diffractive optical element 1 shown in Fig. 1 
includes a base plate 2 and a lamination part (diffraction 
grating part) 3 which is formed on the surface of the 
base plate 2 and which is composed of a plurality of lay- 

40 ers (diffraction gratings) 4, 5, 6 and 7 shown in Fig. 2. 
[0034] Fig. 2 is a sectional view of the diffractive opti- 
cal element 1 taken along a line A-A shown in Fig. 1. In 
Fig. 2, the diffractive optical element 1 is shown in an 
exaggerated shape in the direction of depth of diffrac- 

45 tion grating surfaces 4 and 8. 

[0035] As shown in Fig. 1 and 2, the diffractive optical 
element 1 is formed by laminating, on the base plate 2, 
a total of four layers, i.e., the first layer 4, the second 
layer 5, the third layer 6 and the fourth layer 7. The first 

so diffraction grating surface 8 is formed between the first 
layer 4 and the second layer 5. The second diffraction 
grating surface 9 is formed between the third layer 6 and 
the fourth layer 7. 

[0036] A boundary part P23 between the second layer 
55 5 and the third layer 6 is formed to be a flat part having 
no grating. The first layer 4 and the third layer 6 are 
made of the same material. The second layer 5 and the 
fourth layer 7 are made of the same material. Then, all 
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the layers 4, 5, 6 and 7 are combined to act as one dif- 
fractive optical element 1 . 

[0037] In the case of the first embodiment, each layer 
(4, 5, 6 or 7) which has a diffraction grating surface 
formed on one side and periodically changes the thick- 5 
ness of its layer material in a cycle of a length P (here- 
inafter referred to as the grating pitch) is called a 
diffraction grating. 

[0038] Each of the diffraction gratings in the first 
embodiment is arranged to be a blazed-type diffraction io 
grating, which is obtained by approximating the so- 
called kinoform with a triangular wave. 
[0039] Further, a difference in height between the 
crest and trough of the diffraction grating surface is 
herein called the grating thickness d of the diffraction is 
grating surface. 

[0040] In the case of the first embodiment, the diffrac- 
tive optical element is arranged to be in a grating struc- 
ture in which at least three diffraction gratings, i.e., at 
least two diffraction grating surfaces, made of at least 20 
two materials which differ from each other in dispersion 
(Abbe number vd) are laminated on the base plate 2, to 
have a high diffraction efficiency at a specific (design) 
diffraction order within a useful wavelength region (visi- 
ble spectrum), and to make the grating thickness d of 25 
each diffraction grating surface sufficiently small as 
compared with the grating pitch P thereof. For example, 
the following condition is satisfied: 

d/P < 1/6 . 30 

Further, with numerical values concretely presented, 
the following condition is satisfied: 

1 pm < d < 6 fim . 35 

[0041 ] In the case of Fig. 2, the slant directions of the 
diffraction grating surfaces of a plurality of diffraction 
gratings are identical. 

[0042] A structural arrangement resembling the shape 40 
of the diffractive optical element of the invention is dis- 
closed in Japanese Laid-Open Patent Application No. 
HEI 9-127321. However, the diffractive optical element 
disclosed in this publication is intended to have a certain 
target diffractive power shared by a plurality of diffrac- 45 
tion gratings. For that purpose, each of the diffraction 
gratings must individually have a diffraction characteris- 
tic. The diffractive optical element thus differs in grating 
pitch, grating thickness and material from the diffractive 
optical element of the invention in which the diffraction so 
gratings 4 to 7 are arranged to act jointly as one diffrac- 
tion grating. 

[0043] The diffraction efficiency of the diffractive opti- 
cal element according to the first embodiment of the 
invention is next described as follows. 55 
[0044] In the case of a transmission-type diffractive 
optical element 1 having a diffraction grating surface 8 
at a boundary between two layers 4 and 5 as shown in 
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Fig. 13, in order to obtain a maximum diffraction effi- 
ciency for a design wavelength X0, a difference dO in 
height between the crest and trough of the diffraction 
grating surface 8, i.e., a difference in optical path length 
(hereinafter referred to as the optical path length differ- 
ence of a diffraction grating surface), must be integer 
times as much as the design wavelength X0, when a 
light flux is made perpendicularly incident on the diffrac- 
tive optical element. This condition can be expressed as 
follows: 

dO = (n01 - n02) d = mXO (1) 

where "n01 " represents the refractive index of the mate- 
rial of the layer 4 for the design wavelength X0 t M n02" 
represents the refractive index of the material of the 
other layer 5 for the design wavelength X0 t "d" repre- 
sents the grating thickness of the diffraction grating 4 or 
5, and "m" represents a design order of diffraction. 
[0045] In a case where the layer 5 is air (n02 = 1), the 
diffractive optical element corresponds to the diffractive 
optical element 1 shown in Fig. 11 composed of one 
layer. 

[0046] A diffractive optical element having a structure 
composed of two or more layers, i.e., having two or 
more diffraction gratings, is arranged basically on the 
same concept. In order to have all the layers act as one 
diffraction grating, the diffractive optical element must 
be configured such that a sum value obtained by adding 
together all values of optical path length difference 
between the crest and trough of diffraction grating sur- 
faces formed at boundaries between the layers 
becomes integer times as much as the design wave- 
length. Therefore, in the case of the first embodiment 
shown in Fig. 2, the conditional expression becomes as 
follows: 

(n01 - n02) d1 + (n01 - n02) d2 = nUO (2) 

(n01 -n02) (dl +d2) = nUO 

where "nor represents the refractive index of the mate- 
rial of the first and third layers 4 and 6 for the design 
wavelength X0, "^02" represents the refractive index of 
the material of the second and fourth layers 5 and 7 for 
the design wavelength X0, and "d1" and "d2" represent 
the grating thicknesses of the first (second) diffraction 
grating and the third (fourth) diffraction grating, respec- 
tively. 

[0047] It is apparent from the above-stated condition 
that, even if a diffraction grating having a specific grating 
thickness in the diffractive optical element 1 is divided 
into a plurality of diffraction gratings (4, 5 and 6, 7) of 
arbitrary grating thickness, as long as the the materials 
forming the diffraction grating surface are the same 
materials (4, 6 and 5, 7), the diffraction efficiency is not 
affected by the division rf a light flux is made perpendic- 
ularly incident on the diffractive optical element 1. 
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[0048] In the case of a diffractive optical element of 
the conventional laminated structure, machining work 
on the diffractive optical element is difficult as it is diffi- 
cult to obtain a sufficient difference in refractive index 
between materials forming a boundary. According to the 
diffractive optical element of the invention, on the other 
hand, a diffraction grating is divided into a plurality of dif- 
fraction gratings of thin grating thicknesses which can 
be easily machined, and the thus-obtained diffraction 
gratings are laminated. 

[0049] The difference between the arrangement of the 
invention and the conventional arrangement is 
described through comparison of concrete examples of 
diffractive optical elements as follows. A conventional 
two-layer structure shown in Fig. 13 is first described by 
way of example as follows. Here, in the conventional 
two-layer structure, an optical glass material, LaFK 60 
(nd = 1 .63246 and vd = 63.8) manufactured by Sumita 
Optical Glass Co., is used for the fist layer, and a plastic 
material PC (nd = 1.5831 and vd = 30.2) is used for the 
second layer. 

[0050] In this conventional arrangement example, the 
grating thickness of the first diffraction grating 4 is 11 .9 
pm. In manufacturing a diffractive lens with this diffrac- 
tive optical element of the laminated structure, a mini- 
mum pitch necessary for the lens is assumed, for 
example, to be 40 yim. Then, the angle of the slanting 
plane of the diffraction grating surface becomes 16.6° at 
the minimum pitch. If the diffraction grating is to be 
formed by the above-stated cutting process, the edge 
angle of the cutting tool edge must be arranged to be 
not exceeding 73.4°. 

[0051] The arrangement according to the invention is 
next described as follows. The grating structure of the 
diffractive optical element is assumed to be as shown in 
Fig. 2. The same materials mentioned above are 
assumed to be used for forming the diffraction gratings. 
The first layer 4 and the third layer 6 are, therefore, 
made of the optical glass LaFK 60 (nd = 1 .63246 and vd 
=63.8) manufactured by Sumita Optical Glass Co., and 
the second layer 5 and the fourth layer 7 are made of 
the plastic material PC (nd = 1 .5831 and vd = 30.2). The 
grating thickness d1 of the first (second) diffraction grat- 
ing and the grating thickness d2 of the third (fourth) dif- 
fraction grating are both 5.95 nm. 
[0052] The grating thicknesses d1 and d2 may be of 
any values as long as a sum of them becomes the 
above-stated value of 1 1 .9 urn. However, they are pref- 
erably arranged to be equal to each other, because 
such arrangement permits use of one mold in common 
for both of them in the case of forming the diffraction 
gratings by molding and one tool edge in common for 
both of them if the diffraction gratings are to be formed 
by cutting, instead of molding. 

[0053] Fig. 3 shows the diffraction efficiency of the 
structure of the first embodiment obtained for the useful 
wavelength region. As shown in Fig. 3, the first embodi- 
ment has a high diffraction efficiency at the design order 



of diffraction in the same manner as the conventional 
arrangement. 

[0054] Next, it is here assumed that a diffractive lens 
is manufactured with the diffractive optical element of 

5 the invention which has a minimum pitch P of 40 ^m. In 
this case, the angle of the slanting plane of the diffrac- 
tion grating surfaces becomes 8.5° at the minimum pitch 
P. In manufacturing the diffraction gratings by the above- 
stated cutting process, the edge angle of the cutting tool 

10 edge can be arranged to be not exceeding 81 .5°. 

[0055] As described above, the edge angle of the cut- 
ting tool edge can be duller than in the case of the con- 
ventional arrangement. Further, since the grating 
thickness of each diffraction grating is only half of that of 

15 the conventional arrangement, the amount of cutting the 
diffraction grating surface is only half of that of the con- 
ventional arrangement. By virtue of these two advanta- 
geous points, the abrasion of the cutting tool edge is 
reduced to a great extent, so that the diffractive optical 

20 element can be easily manufactured to have uniform 

grating thickness over-the whole area-thereof— 

[0056] The edge angle of the cutting tool edge is pref- 
erably a dull angle measuring at least 80°. With the grat- 
ing thickness of the diffraction grating assumed to be "d" 

25 and the minimum grating pitch of the diffraction grating 
assumed to be "P", the grating thickness of each of the 
diffraction gratings is preferably determined to satisfy 
the condition of d/P < 1/6. It is also possible to lessen 
the abrasion of the cutting tool edge by combining thin 

30 diffraction gratings which measure only 6 urn or less in 
grating thickness to lessen the cutting amount. 
[0057] Since the diffraction grating of the conventional 
arrangement example has measured about 12 ^im in 
grating thickness, the diffractive optical element of the 

35 invention gives a better workability by diving the diffrac- 
tion grating into two. Further, in a case where a combi- 
nation of materials causes a further increase in grating 
thickness, the improved workability can be retained by 
dividing the diffraction grating not only into two but into 

40 a greater number of parts such as three or four parts 
and then by laminating these divided diffraction grat- 
ings. 

[0058] While the arrangement of the first embodiment 
described above is applied to the diffraction grating of 

45 the type disclosed in Japanese Laid-Open Patent Appli- 
cation No. HE 1 9-127321 , it applies also to the diffractive 
optical element of another type disclosed in Japanese 
Laid-Open Patent Application No. HE I 9-127322 which 
is of a laminated structure having different grating thick- 

50 nesses. In that case, the above-stated arrangement of 
the invention whereby a plurality of thin diffraction grat- 
ings are combined with each other is applied to one of 
the two diffraction gratings having a thicker grating thick- 
ness than the other. 

55 [0059] The diffraction grating shape has been 
described by limiting it to a shape obtained within one 
period of diffraction grating. However, it is known that 
the diffraction efficiency is basically not affected by the 
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pitch of diffraction grating. In other words, the above- 
stated arrangement of the first embodiment is applica- 
ble not only to the one-dimensional diffraction grating 
shown in Fig. 1 but also to diff ractive optical elements of 
any different grating shapes, such as a diffractive lens 
shown in Fig. 4. 

[0060] The first embodiment described above is a dif- 
fractive optical element having a diffraction grating 
arranged on a flat plate. However, th e same adva nta- 
geous effecLc an be attained by arran ging thp diffraction 
gr ating on a curved lens sur face . 
[0061 ] Further, in the foregoing, the first embodiment 
has been described for a case where the design diffrac- 
tion order is the first order. It is. however, not limited to 
the first order. With a design diffraction order arranged 
to be other than the first order, such as the second 
order, the same advantageous effect is attainable by 
setting a composite optical path length difference to 
become a desired design wavelength at the desired dif- 
fraction order. Further, one and the same material may 
be used both for the base plate 2 and the first diffraction 
grating 4. 

[0062] Another reason for setting the grating thickness 
d and the grating pitch P to be "d/P < 1/6" according to 
the invention is next described as follows. 
[0063] The numerical value range of the value d/P 
shown above is important also in respect of depend- 
ency of the diffraction efficiency on the incident angle of 
light wave incident on the diffraction grating as 
described later herein. Figs. 7 A, 7B and 10 show the 
incident-angle dependency of the diffraction efficiency 
in a case where the first embodiment is arranged to 
have a grating pitch P at 59.5 urn with the grating thick- 
nesses d1 and d2 set at 5.95 urn. As apparent from Fig. 
7B. in respect of the incident-angle dependency of the 
diffraction efficiency for the second-order diffraction 
light, the diffraction efficiency has large values at inci- 
dent angles of 9 < -15° and above for wavelengths 550 
nm and 450 nm. Therefore, for general use, the diffrac- 
tion efficiency is restricted by incident angles (a para- 
sitic diffraction light component is to be suppressed 
within 3%) . In this instance, the value of d/P is 1/10. 
[0064] Figs. 16A, 16B and 16C show the incident- 
angle dependency of the diffraction efficiency obtained 
by the structural arrangement of the first embodiment 
with a material called LAL12 (nd = 1.67790 and vd = 
55.3) used for the first and third layers, a material called 
S-TiM27 (nd = 1 .6398 and vd = 34.5) used for the sec- 
ond and fourth layers, the grating thicknesses d1 and d2 
set at 8 [im (d1 = d2 = 8 nm), and the grating pitch P set 
at 40 nm. In this case, the diffraction efficiency for the 
second-order diffraction light saliently increases at 
angles of 0 < -7° or thereabout, and the diffraction effi- 
ciency for the zero-order diffraction light saliently 
increases on the positive (+) side of an angle of e = -5° 
or thereabout. This causes a conspicuous flare light 
component, which is hardly desirable for image forming 
performance. In the case of this example, the value of 



d/P is 1/5. 

[0065] Figs. 17A. 17B and 17C show, as another 
example, the incident-angle dependency of the diffrac- 
tion efficiency obtained by the same structural arrange- 

5 ment, with materials of two kinds, i.e., a material of nd = 
1 .632 and vd = 63.8 and a material of nd = 1 .484 and vd 
= 15.1 used for the layers, the grating thicknesses d1 
and d2 set at 2 urn, and the grating pitch P set at 40 uin. 
Figs. 18A, 18B and 18C show, as a further example, the 

io incident-angle dependency of the diffraction efficiency 
of the same structural arrangement, with materials of 
two kinds, i.e., a material of nd = 1.632 and vd = 63.8 
and a material of nd = 1 .558 and vd = 23.0 used for the 
layers, the grating thicknesses d1 and d2 set at 4 um, 

is and the grating pitch P set at 80 um In these two exam- 
ples, the diffraction efficiency for both the diffraction light 
of the second and zero orders is sufficiently low within a 
range of incident angles of 0 = ±20°. It is, therefore, 
apparent that the adverse effect of flare light is sup- 

20 pressed to a low level. The value of d/P is 1/20 in each 
of these cases. 

[0066] As apparent from these examples, a diffractive 
optical element of the laminated structure having dif- 
fraction gratings slanting in the same direction in a grat- 
25 ing sectional shape is preferably arranged to have the 
value of d/P less than 1/5. 

[0067] Fig. 5 is a sectional view showing essential 
parts of a diffractive optical element according to a sec- 
ond embodiment of the invention. In the first embodi- 

30 ment described above, the two divided diffraction 
gratings are arranged to have the same grating direc- 
tion. In the grating structure of the second embodiment, 
on the other hand, at least one of a plurality of diffraction 
gratings is arranged to have a grating direction which 

35 differs from the grating direction of the other diffraction 
gratings. 

[0068] The diffractive optical element according to the 
second embodiment of the invention is composed of 
three layers, i.e., a first layer 4. a second layer 5 and a 

40 third layer 6, as shown in Fig. 5. Here, the grating direc- 
tion of the first diffraction grating surface 8 differs from 
that of the second diffraction grating surface 9. Although 
the grating directions of these diffraction gratings differ 
from each other, the diffraction efficiency of the second 

45 embodiment is the same as that of the first embodiment 
for a perpendicular incident light flux, as the materials 
with the diffraction grating surface 9 at a boundary 
thereof are arranged reversely to those of the first 
embodiment. 

so [0069] The arrangement of the second embodiment is 
characterized by the thinness of the gratings, so that the 
workability of the diffractive optical element can be 
greatly improved. In the case of a diffraction grating hav- 
ing a flat datum plane as shown in Fig. 5, if the absolute 

55 values of the grating thicknesses d1 and d2 of the first 
and third diffraction gratings 4 and 6 are equal to each 
other, the grating shape of the first layer 4 and that of the 
third layer 6 are identical with each other. Therefore, the 
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diffractive optical element according to the second 
embodiment can be manufactured by a manufacturing 
method as shown in Figs. 6A to 6D. 
[0070] More specifically, the grating part of the first 
layer 4 and that of the third layer 6 can be formed by 
molding with one and the same mold, as shown in Figs. 
6A and 6B. Then, the material of the second layer 5 is 
filled into a space between the two grating parts, as 
shown in Fig. 6C, so that the diffractive optical element 
1 is formed as shown in Fig. 6D. Compared with the dif- 
fractive optical element of the first embodiment, that of 
the second embodiment curtails manufacturing proc- 
esses as it has a less number of layers by one than the 
first embodiment. 

[0071] The embodiments have been described above 
only for a case where a light flux is perpendicularly inci- 
dent on the diffraction gratings. However, in cases 
where a diffractive optical element is used as a part of 
an image forming optical system, the optical system is 
jj|rely_arrang ed to have only a light flux perpend icularly 
incident on the diffractive optical element. The diffract 
tive optical element is, therefore, used for a range of 
specific incident angles in general. 
[0072] Variations of the diffraction efficiency taking 
place for different incident angles are next described for 
the grating structure of the first embodiment shown in 
Fig. 2 and that of the second embodiment shown in Fig. 
5. Figs. 7A, 7B and 70 show the relationship between 
the diffraction efficiency and the incident angle in the 
first embodiment. Figs. 8A, 8B and 8C show the rela- 
tionship between the diffraction efficiency and the inci- 
dent angle in the second embodiment. 
[0073] Here, Figs. 7A and 8A show the variations of 
the diffraction efficiency in relation to the incident angle 
of diffraction light of the first order, Figs. 7B and 8B 
show the variations of the diffraction efficiency in rela- 
tion to the incident angle of diffraction light of the second 
order, and Figs. 7C and 8C show the variations of the 
diffraction efficiency in relation to the incident angle of 
diffraction light of the zero order. In this instance, the 
incident light flux is within a plane defined by the grating 
pitch direction of the diffraction grating and the normal 
line of the diffraction grating surface. In other words, the 
diffraction light flux is assumed to be within one plane. 
As for the sign of incident angle, the direction of e shown 
in Fig. 2 is assumed to indicate positive values. Further, 
a total grating thickness is a depth measuring 8 ^im, and 
the grating pitch is 40 jim. 

[0074] As apparent from these figures, the variations 
of the diffraction efficiency at negative (-) incident 
angles in the grating structure of the second embodi- 
ment are suppressed to a greater degree than in the 
grating structure of the first embodiment. For example, 
in order to suppress the diffraction efficiency for diffrac- 
tion orders other than the design order to 3% or less, the 
incident angle 0 must be within a range of -1 5° < 0 < 20° 
in the case of the first embodiment, whereas the second 
embodiment allows the incident angle 9 to have a wider 



range of -20° < 0 < 20°. 

[0075] In actually applying a diffractive lens according 
to each of the embodiments to actual optical systems, 
the width of light flux and the grating pitch of the diffrac- 
5 tive lens have variously values. Therefore, a usable 
range of angles of view and an allowable diffraction effi- 
ciency for the design diffraction order must be decided 
in combination most apposite to every case. 
[0076] As described above, an advantage of the grat- 
is ing structure of the second embodiment lies in that the 
variations of the diffraction efficiency for variations in 
incident angle can be suppressed. Another advantage 
of the second embodiment lies in that, in a case where 
the shape of a datum plane is a flat surface, the manu- 
15 facturing processes for the diffractive optical element 
can be shortened. 

[0077] Fig. 9 is a sectional view schematically show- 
ing an optical system having the diffractive optical ele- 
ment of the invention according to a third embodiment 

20 thereof. The optical system is an image forming optical 
system of a camera or trTe"likerReferring~to _ Figr9ra — 
phototaking lens 10 includes therein a diaphragm 11 
and the diffractive optical element 1 . An image forming 
plane 12 represents a film or a CCD. 

25 [0078] The wavelength dependency of the diffraction 
efficiency of the third embodiment is greatly improved 
by the use of the diffractive optical element 1 which is of 
the laminated structure. Therefore, the photo-taking 
lens does not have much flare, has a high resolution at 

30 low frequencies and thus has a high performance. 
Since the diffractive optical element can be simply 
formed in accordance with the invention, the photo-tak- 
ing lens can be manufactured by mass production at low 
cost. 

35 [0079] In the third embodiment shown in Fig. 9, the dif- 
fractive optical element 1 is disposed on the flat glass 
surface near the diaphragm 11. However, the disposi- 
tion of the diffractive optical e lement is not limited to 
such^sj tionand may be^rTlrTe~curved su5aco~of a 

40 lens. Further.,a4>luxalily_o f diffractive optical eleme nts 
mav-be-disposed within the Qho to-taking le ns. 
[0080] While the invention is applied to tfie"photo-tak- 
ing lens of a camera in the case of the third embodi- 
ment, the invention is not limited to it. The same 

45 advantages can be attained by applying the invention to 
a photo-taking lens of a video camera, an image scan- 
ner of a business machine, a reader lens of a digital 
copying machine, etc. 

[0081] Fig. 10 is a sectional view schematically show- 
so ing an optical system having the diffractive optical ele- 
ment of the invention according to a fourth embodiment 
thereof. The optical system is an observation optical 
system of a binocular or the like. The optical system 
shown in Fig. 10 includes an objective lens 13. an 
55 image inverting prism 14 for erecting an image, an eye- 
piece lens 15, and an evaluation plane (pupil plane) 16. 
[0082] In Fig. 1 0. reference numeral 1 denotes the dif- 
fractive optical element, which is used for the purpose of 
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correcting chromatic aberration of the objective lens 1 3 
appearing on an image forming plane 12. 
[0083] The wavelength dependency of the diffraction 
efficiency of the fourth embodiment is greatly improved 
by the use of the diff ractive optical element 1 of the lam- 5 
inated structure. The objective lens, therefore, does not 
have much flare, has a high resolution at low frequen- 
cies and thus has a high performance. Further, since 
the diffractive optical element according to the invention 
can be simply formed, the observation optical system 10 
can be manufactured by mass production at low cost. 
[0084] In the fourth embodiment, the diffractive optical 
element 1 is formed at the objective lens 13. However, 
the same advantageous effects can be attained with the 
diffractive optical element 1 disposed either on the sur- is 
face of the prism 14 or within the eyepiece lens 15. 
Since the effect of abating chromatic aberration can be 
attained solely through the objective lens 13 with the dif- 
fractive optical element 1 disposed on the object side of 
the image forming plane 12, the diffractive optical ele- 20 
ment 1 is preferably disposed at least on the side of the 
obj ctive lens 13 in the case of an observation optical 
system. 

[0085] In the case of the fifth embodiment described 
above, the invention is applied to a binocular. The 25 
arrangement of the fifth embodiment, however, applies 
not only to it but also to a terrestrial telescope, an astro- 
nomical telescope or the like. The same advantages are 
also attainable by applying the arrangement to an opti- 
cal viewfinder of a lens-shutter type camera, a video 30 
camera or the like. 

[0086] A diffractive optical element includes a plurality 
of laminated diffraction grating surfaces. Each of the dif- 
fraction grating surfaces is formed to have a sufficiently 
small grating thickness as compared with a grating pitch 35 
thereof. 

Claims 

1. A diffractive optical element comprising: 40 

a plurality of laminated diffraction grating sur- 
faces, wherein each of the diffraction grating 
surfaces is formed to have a sufficiently small 
grating thickness as compared with a grating 45 
pitch thereof. 



wherein a slant direction of a grating of at least one 
of the diffraction grating surfaces is opposite to that 
of the other diffraction grating surfaces. 

5. A diffractive optical element according to claim 1 , 
wherein a useful wavelength region is an entire vis- 
ible spectrum, and a diffraction efficiency of diffrac- 
tion light of a specific order other than a zero order 
is high over the entire visible spectrum. 

6. A diffractive optical element according to claim 1 , 
having the same function as a lens. 

7. A diffractive optical element comprising: 

a plurality of laminated diffraction grating sur- 
faces, wherein letting a grating pitch and a grat- 
ing thickness of each of the diffraction grating 
surfaces be denoted by P and d, respectively, 
the following condition is satisfied: 

d/P < 1/6 . 

8. A diffractive optical element according to claim 7, 
wherein materials forming the respective diffraction 
grating surfaces differ from each other in disper- 
sion. 

9. A diffractive optical element according to claim 7, 
wherein each of the diffraction grating surfaces has 
a blazed shape with respect to a section of the grat- 
ing pitch thereof. 

10. A diffractive optical element according to claim 8, 
wherein a slant direction of a grating of at feast one 
of the diffraction grating surfaces is opposite to that 
of the other diffraction grating surfaces. 

11. A diffractive optical element according to claim 7, 
wherein a useful wavelength region is an entire vis- 
ible spectrum, and a diffraction efficiency of diffrac- 
tion light of a specific order other than a zero order 
is high over the entire visible spectrum. 

12. A diffractive optical element according to claim 7, 
having the same function as a lens. 



2. A diffractive optical element according to claim 1, 
wherein materials forming the respective diffraction 
grating surfaces differ from each other in disper- 
sion. 

3. A diffractive optical element according to claim 1, 
wherein each of the diffraction grating surfaces has 
a blazed shape with respect to a section of the grat- 
ing pitch thereof. 

4. A diffractive optical element according to claim 3, 



55 



13. A diffractive optical element comprising: 

a plurality of laminated diffraction grating sur- 
faces, wherein letting a grating thickness of 
each of the diffraction grating surfaces be 
denoted by d (pm), the following condition is 
satisfied: 

1 <d<6. 

14. A diffractive optical element according to claim 13, 
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wherein materials forming the respective diffraction 
grating surfaces differ from each other in disper- 
sion. 

15. A diffractive optica! element according to claim 14, 
wherein each of the diffraction grating surfaces has 
a blazed shape with respect to a section of the grat- 
ing pitch thereof. 

16. A diffractive optical element according to claim 15, 
wherein a slant direction of a grating of at least one 
of the diffraction grating surfaces is opposite to that 
of the other diffraction grating surfaces. 



having the same function as a lens. 

25. A diffractive optical element comprising: 

s a diffraction grating, wherein letting a grating 

pitch and a grating thickness of the diffraction 
grating be denoted by P and d, respectively, the 
following condition is satisfied: 

w d/P < 1/6 . 

26. An optical system such as a photo-taking optical 
system or an observation optical system, having a 
diffractive optical element according to one of 
claims 1 to 25. 



17. A diffractive optical element according to claim 14, is 
wherein a useful wavelength region is an entire vis- 
ible spectrum, and a diffraction efficiency of diffrac- 
tion light of a specific order other than a zero order 
is high over the entire visible spectrum. 

20 



18. A diffractive optical element according to claim 14, 
having the same function as a lens. 

19. A diffractive optical element comprising: 



25 



a plurality of laminated diffraction grating sur- 
faces, wherein letting a grating pitch and a grat- 
ing thickness of each of the diffraction grating 
surfaces be denoted by P (^m) and d (um), 
respectively, the following conditions are satis- 30 
tied: 

d/P < 1/6 

1 < d < 6 . 35 

20. A diffractive optical element according to claim 19, 
wherein materials forming the respective diffraction 
grating surfaces differ from each other in disper- 
sion. 40 

21. A diffractive optical element according to claim 19, 
wherein each of the diffraction grating surfaces has 
a blazed shape with respect to a section of the grat- 
ing pitch thereof. 45 

22. A diffractive optical element according to claim 21 , 
wherein a slant direction of a grating of at least one 
of the diffraction grating surfaces is opposite to that 

of the other diffraction grating surfaces. so 

23. A diffractive optical element according to claim 19, 
wherein a useful wavelength region is an entire vis- 
ible spectrum, and a diffraction efficiency of diffrac- 
tion light of a specific order other than a zero order 55 
is high over the entire visible spectrum. 

24. A diffractive optical element according to claim 19, 
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